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AEROSPACE SYSTENS A Y ~  F + I ~ S I O N  sLdiLLYSIs I’LESEAKCH’’ 

Quar t e r ly  S t a t u s  Report  f o r  t h e  Period 1 October through 31 December 1965 

I. INTRODUCTION 

Work cont inued  du r ing  the las t  q u a r t e r  of 1965 w i t h  the  same 

emphasis a s  p r e v i o u s l y  r epor t ed .  The h e l i o c e n t r i c  p o r t i o n s  of the  Ear th-  

Mars and Mars-Earth t r a j e c t o r i e s  have rece ived  i n t e n s i v e  s t u d y  w i t h  some 

accomplishments r e g i s t e r e d  but  w i th  some shortcomings remaining be fo re  t h e  

Earth-Mars round t r i p s  can be computed. 

Personnel  w i t h  assignments i n  t h i s  Research Program are  shown i n  

APPEX9IX A .  D r .  Lion has  undertaken t o  coord ina te  the  work on s p a c e f l i g h t  

t r a j e c t o r y  a n a l y s i s  now t h a t  Dr. Handelsman’s p a r t i c i p a t i o n  has  been reduced. 

A computer programmer and computer a i d e  have been budgeted t o  a c c e l e r a t e  t he  

development of our  t r a j e c t o r y  programs and subsequent ly  the miss ion  a n a l y s e s .  

S tuden t  p a r t i c i p a t i o n ,  graduate  and undergraduate ,  has  been s t a b i l i z e d  

d u r i n g  t h i s  pe r iod .  M r .  G .  A .  Hazel r igg  con t inues  i n  h i s  s t u d i e s  of p l a n e t a r y  

escape  and c a p t u r e  as a p re l imina ry  to  h i s  d o c t o r a l  tiiesis e f f o r t .  M r .  S. M. 

Rock l in  is unde r t ak ing  an MSE t h e s i s  i n  the  a r e a  of three-d imens iona l  o r b i t  

t r a n s f e r s .  Messrs. P e l t i e r ,  Duffek and Crowley are i n  the e a r l y  s t a g e  of 

t h e i r  a s s o c i a t i o n .  The undergraduate s t u d e n t s  are  t a k i n g  a s i g n i f i c a n t  p a r t  

i n  the r e s e a r c h .  I n  a d d i t i o n  t o  M r .  J .  C .  Slaybaugh and Mr. T. C. Hanks 

mentioned i n  t h e  p rev ious  r e p o r t ,  M r .  M. J.  Flynn has  i n i t i a t e d  a s tudy  of 

n u c l e a r  r o c k e t s  a s  d i s c u s s e d  below and Messrs. T. R. Armstrong and D. R. 

Hansmann are working on the  assemblage of programs f o r  the  round t r i p  miss ion  

a n a l y s e s ,  e s p e c i a l l y  the  i n t e r f a c e s .  

~- - 
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11. SPACEFLIGHT T W E C T O R Y  hXALYSIs RE3EARCH’ 

Work cont inued  through t h i s  per iod  on the  i m p u l s i v e - i t e r a t i v e  method 

f o r  the de t e rmina t ion  of i n i t i a l  va lues  of t he  Lagrangian m u l t i p l i e r s .  

D r .  Handelsman is p repa r ing  a pape r  on the body of work accomplished t o  d a t e  

and has  been i n v i t e d  to p r e s e n t  i t  a t  the  AIAA Third Aerospace Sc iences  

Meeting i n  New York C i t y  i n  January and has a l so  o f f e r e d  i t  t o  the AIAA J o u r n a l .  

It w i l l  be i s sued  as  a r e p o r t  under t h i s  c o n t r a c t  as l i s t e d  i n  APPENDIX E. 

The major emphasis on s p a c e f l i g h t  t r a j e c t o r y  a n a l y s i s  du r ing  the  

per iod  was on the ex tens ion  of the  i m p u l s i v e - i t e r a t i v e  method t o  the  m u l t i -  

burn cases. 

computing two-dimensional,  h e l i o c e n t r i c  t r a n s f e r s  when the t h r u s t  program 

w a s  on-off-on. The i n i t i a l  va lues  of the a d j o i n t  v e c t o r s  were e s t ima ted  

u s i n g  the  op t ima l ;  i . e . ,  minimum prope l l an t  consumption, impulsive t r a j e c t o r y  

between t h e  same te rmina l s .  This technique,  a t  p r e s e n t ,  is l imi t ed  as  to  t h e  

c e n t r a l  a n g l e  which can be p re sc r ibed .  

71 r a d i a n s ,  t he  magnitude of the  primer vec tor  becomes p o s i t i v e  dur ing  a f i n i t e  

p o r t i o n  of the  two-impulse t r a j e c t o r y .  This i n d i c a t e s  t h a t  the two- impulse 

t r a j e c t o r y  i s  no longer  the optimum impulsive t r a j e c t o r y ,  and t h e r e f o r e ,  two- 

impulses  will n o t  be the  l i m i t  p o i n t  of optimum f i n i t e  t h r u s t  t r a j e c t o r i e s  

w i th  p r o g r e s s i v e l y  lower t h r u s t  l e v e l s .  I t  is con jec tu red  then t h a t  a t h ree -  

impulse t r a j e c t o r y  may be the  l i m i t  f o r  c e r t a i n  optimum t r a j e c t o r i e s  w i th  

c e n t r a l  a n g l e s  between and Z 7 i ‘  r ad ians .  

A t  t he  beginning of the  per iod the  c a p a b i l i t y  e x i s t e d  f o r  

For c e n t r a l  ang le s  of g r e a t e r  than  

A program has been developed which de termines  t h e  optimum th ree -  

impulse t r a j e c t o r y  w i t h  f i x e d  t r a v e l  t i m e ,  f i x e d  c e n t r a l  angle .  I t  was, indeed,  

t 
M r .  W i l l i a m  E .  Miner, NASA E l e c t r o n i c s  Research Center ,  is the  Technical  
Noni tor  of t h i s  phase of t h e  r e sea rch .  
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found t h a t  f o r  c e r t a i n  ranges  of c e n t r a l  angle  the  t o t a l  AV f o r  t he  three-  

impulse t r a j e c t o r y  was b e t t e r  than the  corresponding two- impulse t r a j e c t o r y .  

Note t h a t  t h i s  does no t  imply t h a t  fou r  (or even more) impulses might no t  be 

s t i l l  b e t t e r .  However, t he  primer v e c t o r ,  c a l c u l a t e d  u s i n g  Lawden’s e q u a t i o n s ,  

s a t i s f i e d  a l l  t he  necessary  cond i t ions  - most impor t an t ly ,  the swi t ch ing  

f u n c t i o n  was tangent  t o  the  ze ro  l i n e  a t  the t i m e  of the  middle t h r u s t i n g  - 
f o r  t he  cases computed. I t  may be concluded then wi th  some confidence 

(a l though not  w i t h  a b s o l u t e  c e r t a i n t y )  t h a t  t hese  three- impulse t r a j e c t o r i e s  

are a t  l e a s t  l o c a l l y  opt imal .  So far i t  has been imposs ib le  t o  converge 

on the  f i n i t e  t h r u s r  t r a j e c t o r i e s  u s i n g  t h e  a d j o i n t  v e c t o r s  of the  three-  

impulse t r a j e c t o r i e s  as  s t a r t i n g  i t e r a t e s .  

two r easons :  

This  may be caused by one of 

1. The three- impulse t r a j e c t o r y  i s  not  a l i m i t  p o i n t  i n  the  

sense  d e s c r i b e d  above. 

2. The end p o i n t  i t e ra t ion  scheme being u t i l i z e d  i s  n o t  s u f f i c i e n t l y  

“s t rongg1 t o  overcome the  extreme s e n s i t i v i t y  of t r a j e c t o r i e s  w i th  th ree  

t h r u s t i n g  p e r i o d s  t o  i n i t i a l  va lues  of the a d j o i n t .  

Work w i l l  cont inue  on the multi-burn t r a j e c t o r i e s  and o t h e r  

e x t e n s i o n s  of  the  i m p u l s i v e - i t e r a t i v e  method, i nc lud ing  three-dimensional  

t h r u s t -  t r a n s f e r s  and ang le s  around ?f f o r  a wide v a r i e t y  of t r i p  t imes ,  

to-mass r a t i o s ,  and j e t  v e l o c i t i e s .  

Computer programs f o r  op t imal  E a r t h - J u p i t e r  h e l i o c e n t r i  t r a n s f e  S 

a r e  be ing  e x e r c i s e d  and extended i n  t h e i r  c a p a b i l i t i e s  f o r  a number of 

mis s ions  t o  the  Jovian  p l a n e t .  

Research on p l a n e t a r y  escape  and c a p t u r e  t r a j e c t o r i e s  con t inues  f o r  

a wide r ange  of var ious  propuls ion  systems and combinations the reo f .  Besides 
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a d a p t i n g  rhe e x i s t i n g  methods desc r ibed  i n  MARS Memo +21, t h e  fo rmula t ion  

of the problem i n  multi-body terms f o r  f u l l y  developed o p t i m i z a t i o n  a n a l y s i s  

is be ing  under taken .  

Work a l s o  con t inues  on the  e f f o r t  t o  deve lop  e f f i c i e n t  and e f f e c t i v e  

methods of hybr id  computation for h e l i o c e n t r i c  t r a n s f e r s  bu t  no s i g n i f i c a n t  

r e s u l t s  can be r e p o r t e d  a t  t h i s  t ime .  

A series of seminars by l e a d i n g  a u t h o r i t i e s  has been under taken  on 

a bi-weekly b a s i s .  This  ser ies  has a t t r a c t e d  cons ide rab le  i n t e r e s t ,  n o t  on ly  

w i t h i n  the  t r a j e c t o r y  a n a l y s i s  group, bu t  throughout t he  Engineer ing  School. 

A l i s t  of speake r s  and t h e i r  t o p i c s  f o r  the F a l l  T e r m  i s  a t t a c h e d  a s  

APPENDIX C. 
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Work on t h i s  r e s e a r c h  t o p i c  continued as  p r e v i o u s l y  o u t l i n e d .  

M r .  M. J .  Flynn, ' 67 ,  has  been a s s igned  t o  t h e  s tudy  on the  s i z i n g  of 

conven t iona l  n u c l e a r  r o c k e t  systems. 

Nego t i a t ions  a r e  i n  p rocess  f o r  t h e  p r e s e n t a t i o n  of a series of 

seminars on the  use  of computing machines f o r  aerospace  systems a n a l y s i s , .  

e s p e c i a l l y  n u c l e a r  p ropu l s ion  systems. Details will be presen ted  i n  t h e  

nex t  s t a t u s  r e p o r t .  
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IV PLAIIETARY? I V T E R P T ~ T A R Y  MISSION ANALYS IS RE SEARCH 

While i t  is s t i l l  no t  possible to assemble t h e  t r a j e c r o r y  

programs t h a t  w i l l  permi t  ana lyz ing  the unmanned Earth-Mars round t r i p  i n  

adequate  d e t a i l s ,  a n  e f f o r t  is be ng made i n  t h e  meantime t o  e s t a b l i s h  t h e  

o v e r a l l  program s t r u c t u r e  i n c l u d i n g  opt imiza t ion  across t h e  i n t e r f a c e s  

between t h e  several s e c t i o n s .  

of t h e  p r o g r a m i n g  s t a f f ,  by t w o  s e n i o r  undergraduates ,  Messrs. T. R. Armstrong 

and I). 

Mars round t r i p  . 

This work is being  undertaken,  w i t h  t h e  h e l p  

R.  Hansmann for  t h e  i n i t i a l  mode of a n a l y s i s  of t h e  unmanned Earth-  

Dr. Handelsman is now beginning p r e l i m i n a r y  s t u d i e s  t h a t  h o p e f u l l y  

w i l l  Lead t o  t h e  d e f i n i t i o n  of a n a l y t i c a l  methods f o r  J u p i t e r  missions. 



A P k N D I X  A: Personnel  Assignment L i s t ,  A s  of 31 October 1965 

- S p a c e f l i p h t  
T r a j e c t o r y  
Ana 1 ys is  

P ropu l s ion  

Ana lys i s  
Sys tern 

Miss ion  
Ana lys i s  

Xdminis tra t i v e  

Lion, P.M., Sloan Pos t -doc to ra l  Fellow 
Wallack, P .J .  , Mathematician/Programmer 
Hoffman, L . ,  P rog ramer  
( ) ,  Programer  
( ), Computer Aide 
Hazel r igg ,  G.A. ,  Graduate S tudent  (PhD Cand) 
Rockl in ,  S.M., Graduate S tudent  (MSE Cand) 
P e l t i e r ,  J.P. , Graduate S tuden t  (NSE Cand) 

(Duffek, W., NASA I n t e r n a t i o n a l  Fellow 

Consu l t an t s :  
Crocco, L.,  Professor  
Graham, D. ,  Assoc ia te  P ro fes so r  

hryson, A . E . ,  P rof .  (Harvard/MIT) 
Leitmann, G . ,  Prof. (U. of Cal., Berkeley) 
RCA - Handelsman, M. 
EA1  - Vichnevetsky, R. 
f i i A  - Pines ,  S . ,  Kelley,  H . ,  e t c .  

Layton, J . P . ,  Senior  Research Engineer 
Grey, J . ,  Assoc ia t e  Professor 
Jahn ,  R. G . ,  Assoc ia te  P r o f e s s o r  
W i l l i a m s ,  P . ,  Research S t a f f  Member 

(Crowley, F.B., Graduate S tudent  (USAF) 
Flynn, M . J .  , Undergraduate S tuden t  '67  
Slaybaugh, J . C . ,  Undergraduate S tudent  ' 6 6  

Layton, J . P . ,  Senior  Research Engineer 
Wallack, P . J . ,  Plathemarician/Programmer 
Armstrong, T.R.,  Undergraduate S tudent  3 
Hanks, T.C. ,  Undergrad. Student(Geol.Eng)'66 
Hansmann, D . R . ,  Undergraduate S tuden t  ' 6 6  
Obi, W.C., Undergraduate S tudent  ' 6 6  

A l l i s o n ,  F . ,  Senior  P r o j e c t  Secretary 
( ), P r o j e c t  S e c r e t a r y  

A- 1 
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‘DDE?lDIX L 3: L i s t  of P u b l i c a t i o n s ,  A s  cf 31 December 1965 

1. Cons tan t ine ,  R .  W . ,  An Analys is  of  a R a m j e t  P rope l led  Recoverable Launch 
Vehicle  S tage ,  (Senior  Thes is  - June 1964), P r i n c e t o n  Aeronaut ica l  
Engineer ing Report  No. 717a, (Limited D i s t r i b u t i o n ) ,  3 June 1964. 

2. Richardson, W. P., I n v e s t i g a t i o n s  of a Hybrid Xocket Powered Unmanned 
Mars Excursion Vehic le ,  (Senior  Thesis  - June 1964),  Pr ince ton  Aeronaut ica l  
Engineer ing Report  No .  717b, (Limited D i s t r i b u t i o n ) ,  3 June 1964. 

3 .  Handelsman, M . ,  Hazelr igg,  G. A. Hoffman, L. L. and Wallack, P. J . ,  
Calcu lus  of  Variations Computation o f  Two Dimensional H e l i o c e n t r i c  O r b i t  
T r a n s f e r s  - Volume 1, O v e r a l l  P r e s e n t a t i o n ,  P r i n c e t o n  Aeronaut ica l  
Engineer ing Report  N o .  717c-1, 25 January i965. 

4. Wallack, P. J . ,  Calcu lus  of V a r i a t i o n s  Computation of  Two Dimensional 
H e l i o c e n t r i c  O r b i t  T r a n s f e r s  - Volume 2 ,  Computer Program, P r i n c e t o n  
Aeronaut ica l  Engineer ing Report  No. 717c-2, 29 January 1965. 

5. Hoffman, L. L. ,  Ca lcu lus  of V a r i a t i o n s  Computation of  Two Dimensional 
H e l i o c e n t r i c  O r b i t  T r a n s f e r s  - Volume 3 ,  Tabul ta ted  R e s u l t s  f o r  Ear th- to-  
T a r s  ‘;ransfer, P r i n c e t o n  Aeronaut ica l  Engineer ing  Report  No. 717c-3, 
29 January  1965. 

6. (Burton, C .  D. and Evans, J. A. , %clear  Space Power System Analyses f o r  
t h e  Unmanned Mars Round T r i p ,  ( J o i n t  E25E Thesis  - May 1965),  P r i n c e t o n  
Aeronaut ica l  Engineer ing  Report  No. 717d, (Limited D i s t r i b u t i o n ) ,  
20 Nay 1965). 

7.  Handelsman, M . ,  Optimal Free-Space Fixed-Thrust T r a j e c t o r i e s  Using 
Impulsive T r a j e c t o r i e s  as S t a r t i n g  I t e r a t i v t s ,  P r i n c e t o n  Aeronaut ica l  
Engineer ing  Report  No. 717e. ( I n  p r e p a r a t i o n ) .  



APPENDIX C :  L i s t  of Space F l i g h t  T ra j ec to ry  Analys is  Seminars, 
As of 28 October 1965 

D a t e  

11/3/65 

11/ 15/65 

1 12/ 1/65 

12/17/65 

Lecturer 

Morris Handelsman, Radio Corpor- 
a t i o n  of America 

George Leitmann, s i v e r s i t y  of 
C a l i f o r n i a  - Serkeley 

Paul Kenneth, Grumman A i r c r a f t  
Engineer ing  Corpora t ion  

Ar thur  E .  Bryson, Harvard Uni- 
ve r  s i t y  

Top i c 

I m p u l s i v e - I t e r a t i v e  Approach 
t o  O r b i t a l  T r a n s f e r s  

A Geometric Approach to 
Opt imiza t ion  

The Newton-Raphson Opera tor  
Algorithm, and Some Rela ted  
Thoughts on Funct iona l -  
Ana l y  t i c  Approaches t o  
Opt imiza t ion  Theory 

The Success ive  Sweep Wthod 
for Solv ing  Optimal 
Programming Problems 


